We introduce a new approach for improving estimates of water balance components, applicable to a multi-period water balance series for a lake, watershed, or other area of any size. It consists of making use of statistical relationships between a component series estimate and the residual errors of the water mass balance series. Through this approach, two novel specific techniques are developed. The first, 'pre cipitation-decorrelation', entails implementing a criterion of decorrelation of residual errors from precipitation estimates. The second, 'residual-redistribution', consists of redistributing each residual error over initial water balance component estimates, in accord with an error minimization criterion for each component series. Efficacy is tested using series of annual water balances for the Tahoe Basin. Upon implementation of precipitation-decorrelation, a tightly bounded statistical estimate of mean annual Lake Tahoe evaporation is obtained, which closely matches independent measurement-based estimates. Residual-redistribution yields revised estimates of annual series of Tahoe areal precipitation and watershed runoff, which are each shown to have substantially reduced random error variance. Highly precise revised estimates of inter-annual variations in Tahoe precipitation have enabled resolution of the watershed multi-year 'memory' of precipitation, and more reliable separation of inter-annual changes in watershed storage from inter-annual variations in atmospheric loss.
Introduction
In water balances of lakes and watersheds, large uncertainty is usually associated with the estimated magnitude of one or more components. For instance, groundwater flow and evaporation are often difficult to estimate reliably and with high accuracy, even with extensive and intensive field investigations (e.g., Winter, 1981; LaBaugh et al., 1997) . More accurate water balance component estimates improve water mass accounting, and thus may also improve coupled energy, geochemical, and biochemical balances, and help to resolve effects of climate or land cover changes on such balances.
A condition of water mass balance closure (i.e., mass conservation) is often used to estimate the magnitude of a water balance component for which there is not a reliable measurement-based estimate (e.g., Schanen et al., 1998; Ruud et al., 2004) . Otherwise, the sum of estimates of all water balance inputs generally does not exactly match that of the outputs (and storage changes); and the discrepancy defines the residual error of the water mass balance. The magnitude of this residual error can be used as a gage of the accuracy of input and output component estimates (e.g., Flerchinger and Cooley, 2000) .
In this article, we address whether it is possible to make more effective use of residual errors in multi-period water balance series. The new techniques introduced are presented in a context of retrospective water balance models. Related methods have been developed for predictive rainfall-runoff models. During calibration of predictive rainfall-runoff models, including routing models that conserve the water mass balance, typically the model parameters and sometimes also the state (storage) variables are adjusted with the aim of minimizing the variance of the output (streamflow) prediction error (e.g., Moradkhani et al., 2005) . Although input estimates such as precipitation have not typically been so modified, recent developments in particle filtering techniques have used prediction errors in streamflow output to inform and revise prior estimates of areal precipitation inputs (e.g., Weerts and El Serafy, 2006; Salamon and Feyen, 2009) .
Although the spirit of the adjustments is similar, the techniques proposed in this article are simpler and more accessible, not requiring user familiarity with stochastic methods, and can be readily applied to precipitation and other water balance inputs (e.g., runoff into a lake for a lake water balance), as well as output components. Updates of evapotranspiration (ET) and routing parameters and state variables performed by predictive rainfallrunoff models can be used to revise prior estimates of ET and storage changes; however the updates are applied to parameters or state variables, not directly to the numerical component estimates as is done by the new techniques in this article. Predictive rainfallrunoff models typically use hourly or daily data such that very large data series are available to facilitate effective calibration of routing and state parameters and to improve their associated histograms. By contrast, the techniques in this article can be fruitfully applied using a small number (as few as $10) of time steps, and thus are also applicable to large time-step (e.g. annual) water balance series.
The main innovation in this article, for which we found no precedent in the literature for retrospective water balances, is the approach of identifying and using statistical relationships between numerical estimates of one or more component series and values of the consequent residual errors of the water balance series, with the aim of generating improved revised estimates of one or more component series. Specifically, two novel techniques, herein named (a) 'precipitation-decorrelation' and (b) 'residual-re distribution' are introduced. While (a) entails balancing the covariance of water balance inputs and outputs with precipitation, (b) denotes, for each time step, redistributing the residual error to the components. We first develop these related techniques on a coherent mathematical foundation, and then test them for efficacy in generating accurate component estimates, and in reducing random errors of component estimate series.
The outline of this paper is as follows: Section 2 presents general water balance formulations and associated errors. Section 3 introduces two novel water balance techniques. Section 4 gives pertinent information for application of the techniques to water balances for the Tahoe Basin. Section 5 illustrates application of precipitation-decorrelation to Tahoe water balances. Section 6 describes validation testing of residual-redistribution results for Tahoe precipitation and runoff series, and effects of the precipitation series estimate on hydrologic model performance. Section 7 comments on applicability of the new techniques, and Section 8 provides a summary and conclusions.
Formulation of water balances and associated errors
Water balance formulations and component error structure are specified here, facilitating later development and application of the new water balance techniques.
Initial water balances
Each annual water mass balance in a multi-annual sequence is formulated as 
where Ci(a) (units mass/year or volume/year) is an estimate of the true water balance component value Ci T (a) for year a, and the sum is over all components Ci in the water balance (e.g. precipitation, runoff, evaporation, etc.). The term e res ðaÞ is the residual error in the water balance estimate for year a, which would be zero if CiðaÞ ¼ Ci T ðaÞ for every component in the water balance. When summing over i as in Eq. (1), water balance outputs are subtracted from inputs (sign convention: inputs +, outputs À).
The mean annual water balance results from summing Eq. (1) over a for a period of N years and then dividing by N. The mean annual magnitude of component Ci for these N years is denoted Ci, such that the mean annual water balance for N years is
where e res ¼ 0 for a specified period of large N; i.e., mean annual inputs, outputs, and storage changes are exactly balanced. This mass balance closure statement entails that one component Cj is determined using Eq. (2) in the form P i-j Ci h i þ Cj ¼ 0.
Systematic and random errors
Each true water balance component Ci T (a) is modeled in terms of its estimate Ci(a) and associated errors, similar to formulations by Milly and Dunne (2002) 
Novel water balance techniques
Two new statistical techniques for improving water balance component estimates are introduced, each of which makes use of the annual residual errors of a multi-annual water balance series. Each technique can operate on multi-annual water balances that are formulated (or can be re-formulated) as Eqs. (1) and (2), with component errors that are approximated by model form Eq. (3) for major water balance components.
Technique of precipitation-decorrelation
First, bounds on the variance of the residual error are presented and conditions are specified for which the residual errors consist mainly of random errors. Next a criterion of 'precipitation-decorre lation' of the residual errors is proposed as a condition that is likely to be associated with a small residual variance. Finally, two methods for practical application of this criterion to water balances are outlined.
Bounds on the variance of the residual error series
In Supplement S1A, it is shown how Eq. (5) 
where absolute values are required since it is generally not known whether any d Ci is positive or negative, and where the '+' in the summand denotes all terms added (rather than outputs subtracted). Conditions on two terms in inequalities (6) and (7) are described below, which may each hold for some (but not all) water balance series: 
When numerical estimates or bounds for r 2 e;Ci are available for all water balance components, then the accuracy of Eq. (9) can be checked numerically. Otherwise, it is sufficient that conditions (i) and (ii) hold in order for approximation Eq. (8) to hold, and additionally that the e Ci ðaÞ series are mutually independent in order for Eq. (9) to hold.
The criterion of precipitation-decorrelation
Typically many component Ci(a) series (e.g. streamflow, groundwater flow, ET) are significantly correlated with areal precipitation P(a) series. Therefore when jcov½PðaÞ; e res ðaÞj is small, it is likely that jcov½CiðaÞ; e res ðaÞj is also small for such precipitation-correlated components. This helps to ensure that condition (ii) (Section 3. 
where k i ¼ covfN Ci ðaÞ; N P ðaÞg=r 2 N;P , wherein N Ci ðaÞ CiðaÞ=Ci denotes a normalized annual component estimate, and r 2 N;P is the variance of the N P (a) series. Each weighting factor k i (dimensionless) is equivalent to the linear least-squares regression result for the slope in a plot of N Ci (a) vs N P (a), such that k P = 1. A water balance for which condition Eq. (10) (or equivalently Eq. (11)) holds (within a specified level of statistical significance) is henceforth referred to as 'precipitation-decorrelated', i.e., the residual errors are not correlated with the precipitation estimates.
Implementing a criterion of precipitation-decorrelation
Fulfillment of criterion I by a water balance series helps to ensure that the variance of the water balance residual e res ðaÞ series is no larger than the variance of the series of summed random component errors. We propose that the criterion of precipitationdecorrelation can be implemented to estimate component values, as follows: Application 1: In the absence of reliable measurement-based or model estimates of the means of two water balance components (e.g. ET and groundwater), the weighted water balance Eq. (11) is used together with the conventional nonweighted water balance Eq. (2) to solve for each of these two components, as illustrated in Section 5.1.1.
Application 2: Alternatively, if the relationship of an annual component Cm(a) series to annual precipitation P(a) is not known reliably (e.g. for subsurface water storage changes), condition Eq. (10) is first checked. If condition Eq. (10) does not hold (within some desired level of statistical significance), then the relationship of the Cm(a) series to P(a) is revised so that it does, as outlined in Section 5.2 and detailed in Supplement S1D.
There is no requirement that the relationship of any of the component estimate series to the P(a) series need be linear in order for condition Eq. (10)/(11) to be used as in applications 1 or 2. If the relationship of the residuals to P(a) is nonlinear, then a nonlinear revision of the relationship of Cm(a) to P(a) can be used (application 2) in order to remove this nonlinear relationship of the residuals to P(a) (see Supplement S1D).
We emphasize that applications 1 and 2 yield reliably accurate estimates of water balance components under some, but not all conditions. Uncertainties associated with components estimated using applications 1 or 2 are presented in Supplement S2, wherein conditions for which uncertainties are small and large are detailed and quantified.
Technique of residual-redistribution
'Residual-redistribution' is a technique for revising a component series estimate such that its associated random error variance is reduced. This section presents the mathematical basis for residual-redistribution, and how to implement it. 
Tahoe basin location and hydrology
The Tahoe Basin (Fig. 1) is bounded by the Sierra Nevada and Carson mountain range crests of California and Nevada, USA, and consists of Lake Tahoe and the surrounding watershed. Lake Tahoe covers 38% of the 1314 km 2 basin area. Elevations range from 1.90 km at Lake Tahoe to 3.32 km at Freel Peak. Mean annual precipitation ranges from under 45 cm/yr near the eastern shore of Lake Tahoe to over 200 cm/yr near the Sierra Nevada crest (Crippen and Pavelka, 1970; Marjanovic, 1989; Thodal, 1997) ; falling mainly as winter and spring snow. Sixty-three streams drain into Lake Tahoe. Establishment of baseline water balances with accurate characterization of inter-annual variability are needed to evaluate effects of land cover and climate change on Tahoe Basin water resources. Tahoe Basin mean water yield is about 23% of mean basin precipitation, thus a small shift in mean precipitation, or in evaporation from Lake Tahoe or the watershed would result in large changes Fig. 1 . Location (inset) and map of Tahoe Basin drainage, California and Nevada, USA. The numerous watershed stream networks (some shown) all terminate at Lake Tahoe. Lake Tahoe drains into the Lower Truckee River near gage site 'SD'. Annual data series from gages on three streams (S1, S2, S3) and three precipitation gages (P1, P2, P3) were linearly adjusted to estimate inter-annual variations of runoff from the entire watershed into Lake Tahoe and of areal precipitation onto Lake Tahoe and the surrounding watershed.
in mean annual stream outflow from the lake. Many estimates of the magnitudes of major components of Tahoe Basin and subbasin water budgets have been performed over the past $100 years, reviewed by Thodal (1997) and Trask (2007) . Large uncertainties were associated with prior estimates of lake evaporation, watershed atmospheric losses, and groundwater flow into Lake Tahoe.
Tahoe annual water balance formulations
Each annual water mass balance for Lake Tahoe itself ( Fig. 1) is formulated as PLðaÞ þ RðaÞ þ GðaÞ þ Gs À ½EðaÞ þ DðaÞ þ YðaÞ ¼ e res;L ðaÞ ð 18Þ
where water-year (WY) 'a' is defined from 1 Oct. of calendar year 'a -1' through 30 Sept. of calendar year 'a'. For each WY a, the following are component estimates: PL(a) is lake precipitation, R(a) is incoming surface water runoff, G(a) and Gs are time-varying and steady groundwater inflow, respectively, E(a) is lake evaporation, D(a) is engineered water diversion, Y(a) is yield of Lake Tahoe and the Tahoe Basin, and e res,L (a) is the lake water balance residual error.
Y(a) is the sum of SD(a) and DSL(a), where SD(a) is estimated surface water discharge from Lake Tahoe and DSL(a) is estimated water storage (stage) change in Lake Tahoe over the water-year (+ increase, À decrease).
The Tahoe watershed is defined as the Tahoe Basin area exclusive of Lake Tahoe. Each Tahoe watershed annual water mass balance is formulated as PWðaÞ À ½RðaÞ þ GðaÞ þ Gs þ ATðaÞ þ DSWðaÞ ¼ e res;W ðaÞ ð 19Þ
where PW(a) is watershed precipitation, AT(a) is total atmospheric loss (including snow sublimation, ET, and land surface evaporation), DSW(a) is watershed water storage change (+ increase, À decrease) over the period of water-year a, and e res,W (a) is the watershed water balance residual error. DSW(a) includes all water storage changes, including changes in water table depth, soil water content, and water levels of wetlands, ponds and lakes (excluding Lake Tahoe). The terms R(a), G(a) and Gs in Eq. (19) are the same as in Eq. (18), since Lake Tahoe is the common drainage terminus for the surrounding Tahoe watershed area.
Each Tahoe Basin annual water balance is the sum of Eqs. (18) 
Measurement-based estimates of Tahoe water balance components
High quality meteorologic and hydrologic data were available from Oct. 1967 through Sept. 2000 for most components of the Tahoe areal water balances above, enabling accurate measurement-based estimates of most components for each of these 33 water-years. Reliable measurement-based estimates were not available for total groundwater flow from the entire Tahoe watershed area into Lake Tahoe, or for atmospheric losses from and water storage changes in the Tahoe watershed. However, estimates of most (and not all) components in the water balance are sufficient in order to fruitfully apply the new water balance techniques introduced in Section 3.
All measurement-based component estimates are from Trask (2007) . Inter-annual variations of several components were determined first in normalized form: annual point precipitation data series are highly spatially correlated across the Tahoe Basin, as are annual streamflow data series for most gaged sub-basins. This facilitated very accurate estimates of inter-annual variations in normalized areal precipitation N P (a) and in runoff N R (a) from the entire watershed, using high-quality data from just three National Weather Service (NWS) precipitation gages and three United States Geological Survey (USGS) stream gage stations (locations Fig. 1 ). For groundwater inflow to the lake, a normalized N G (a) series was modeled by assuming that N G (a) responds to N P (a) in the same way as does normalized annual stream baseflow in Tahoe subbasins.
Estimates of mean annual Lake Tahoe evaporation E from class A pan, energy balance/Bowen Ratio, and Dalton mass-transfer methods all agree closely, and were combined to form a measurement-based estimate E m = 92.9 ± 10.7 cm/yr ($90% confidence). Normalized inter-annual variations of the Dalton estimates N E (a) are accurate, as shown by error variance and covariance analyses (see Supplement S4C).
Measurement-based Ci(a) for annual areal precipitation, runoff and lake evaporation are each computed using a measurementbased mean annual estimate (listed in Table 1 for PL and R) and the N Ci (a) described above, as CiðaÞ ¼ Ci Á N Ci ðaÞ.
Application of precipitation-decorrelation to Tahoe water balances
Results and analysis are presented for application of precipitation-decorrelation; first to Lake Tahoe in order to estimate mean annual Lake Tahoe evaporation and groundwater inflow, and next to the whole Tahoe watershed in order to estimate interannual variations in watershed moisture storage and annual atmospheric loss.
Results and evaluation for Lake Tahoe
This section for the lake includes: (1) computing mean annual evaporation and groundwater inflow, (2) a confidence interval on the result for mean evaporation, (3) corroboration of the result for mean evaporation, (4) combining independent estimates of mean evaporation, (5) comparison of several mean annual water balance component estimates and their uncertainties.
Mean annual evaporation and groundwater inflow
Application 1 (Section 3.1.3) of the precipitation-decorrelation technique is used to estimate magnitudes of two components of the mean annual Lake Tahoe water balance. G is selected to be so estimated because a well-constrained measurement-based estimate of G is not available. Measurement-based estimates are available for all other lake water balance components, including E (Section 4.3). Here E is also estimated using precipitationdecorrelation, both because of the small uncertainty in use of this technique for E specifically, and because several independent measurement-based estimates of Lake Tahoe evaporation are available as checks on the accuracy of the result.
The mean WY 1968-2000 conventional and weighted water balance Eqs. (2) and (11) for Lake Tahoe are solved simultaneously for E and G. Eliminating G from the two equations and solving for E = E pd , where 'pd' denotes precipitation-decorrelation,
Each weighting factor k i is computed (Section 3.1.2) using a normalized component N Ci (a) series. The N E (a) and N G (a) estimates are independent of E and G values (Section 4.3). Inserting numerical estimates of k i and Ci (Table 1) into Eq. (21) yields E pd = 93.8 cm/yr. Substituting E = E pd = 93.8 cm/yr into Eq. (2) for the lake water balance and solving for G = G pd yields G pd = 1.7 cm/yr over the area of the lake. Thus E pd and G pd are obtained without using measurements of mean evaporation or of groundwater flow.
Annual lake evaporation and groundwater estimates are then computed as E pd ðaÞ ¼ N E ðaÞ Á E pd and G pd ðaÞ ¼ N G ðaÞ Á G pd , with N E (a) and N G (a) as described in Section 4.3. Use of EðaÞ ¼ E pd ðaÞ and GðaÞ ¼ G pd ðaÞ in the annual lake water balance series ensures both that the resultant residual error e res,L (a) series is completely de-correlated from PL(a), and that the mean water balance Eq.
(2) for the lake is closed. Also, Supplement S1E illustrates that within a narrow range of E that includes E pd , the e res,L (a) series has a minimal variance and no correlation with other component series.
Uncertainty in the precipitation-decorrelation estimate of evaporation
A cumbersome analytic expression that approximates the uncertainty in using precipitation-decorrelation to estimate mean annual water balance components is developed in Supplement S2C. Assuming each component estimate has an error structure approximated by model form (3), the uncertainty e sys;E associated with the E pd estimate computed using Eq. (21) results from the systematic uncertainties e sys;Ci and d Ci of other components, and uncertainty in the value of covfe res;L ðaÞ; N PL ðaÞg. Resultant uncertainty in E pd is computed in Supplement S2D as just ±8.4 cm/yr (>90% confidence). Key to enabling such small uncertainty is that Eq. (21) sums only small fractions of the large uncertainties in PL and R, since (k PL À k G ) and (k R À k G ) are each very small (Table 1) .
Corroboration of the precipitation-decorrelation estimate of evaporation
The statistically based estimate E pd = 93.8 cm/yr from Section 5.1.1 agrees closely with a measurement-based estimate E m = 92.9 cm/yr (Section 4.3) for the same WY 1968-2000 time period. This close agreement provides support for the efficacy of the technique of precipitation-decorrelation for accurate determination of mean annual component values. A stable isotope mass balance yields an estimate E = 95.2 ± 17.2 cm/yr ($90% confidence)
for WY 1958 -2004 (Trask, 2007 . More recent investigations by Huntington and McEvoy (2011) report E = 99 cm for calendar year 2004, and by Sahoo et al. (2013) report E = 93.7 cm/yr for calendar years 1994-2008. The above estimates all agree closely and fit an elevation trend (Trask, 2007) for reported evaporation estimates for other Sierra Nevada lakes, including Mono and Pyramid lakes.
Combined estimate of mean annual evaporation
Because estimates of E from Sections 4.3 and 5.1.1 were obtained independently, they can be used together to form a combined estimate E C that has smaller associated uncertainty than either estimate alone. Following Ross (1987) , a maximumlikelihood estimate of E that makes use of the two independent
pd Þ is the variance of uncertainty in E C , and r 2 m , r 2 pd are the variances of uncertainty in E m , E pd . Inserting mean E estimates and associated uncertainties from Sections 4.3,5.1.1, and 5.1.2 into this expression for E C yields E C = 93.5 ± 6.6 cm/yr ($90% confidence) for WY 1968-2000. With E = E C , then G = G C = 1.4 cm/yr (over the area of Lake Tahoe) is computed as the residual in Eq. (2) for the Lake Tahoe water balance. Fig. 2 compares results of the three methods, namely measurement-based, precipitation-decorrelation, and combined Results for uncertainty from left to right in Fig. 2 are as follows: for lake evaporation, E pd has an associated uncertainty that is slightly smaller than that of E m , and E C has the smallest uncertainty. This highly accurate E C estimate is enabled by the availability of the E pd estimate (Section 5.1.4). Systematic uncertainty of sums or differences of components is determined as the square root of the sum of squares of uncertainties of contributing components, thus the same pattern is seen for total water balance outputs. Because uncertainty in E C is just ±6.6 cm/yr ($90% confidence) and uncertainties in remaining lake water balance output components (D, Y) are even smaller, resultant uncertainty in the estimate of 148.2 cm/yr for WY 1968-2000 mean annual outputs E þ D þ Y from Lake Tahoe, and thus also of mean annual inputs PL þ Gs þ G þ R to Lake Tahoe, is only ±7.1 cm/yr ($90% confidence). Uncertainty in watershed drainage into the lake Gs þ G þ R is computed by combining this uncertainty in water balance outputs with uncertainty in PL (±10.6 cm/yr), and is large for all methods but retains the same relative order of size. Uncertainty in G is comparably large among all three methods; and is not reduced by using precipitation-decorrelation.
Comparison of Lake Tahoe mean annual water balance estimates

Results for Tahoe watershed
With G ¼ G C (Section 5.1.4), all other components of the Tahoe watershed water balance Eq. (19) are available from measurements (Section 4.3) except annual and mean annual atmospheric loss and water storage changes. Mean annual AT(a) + DSW(a) is determined as the residual in Eq. (2) for the watershed water balance; the result is AT þ DSW = 43.6 cm/yr. Since measurement-based estimates of AT(a) + DSW(a) were not available, a trial estimate of invariant AT(a) + DSW(a) = 43.6 cm/yr was tested for use in the annual watershed water balance Eq. (19) series. However, the resulting residuals are highly correlated with PW(a) (p < 0.001), thus violating criterion I (Section 3.1.2).
Application 2 (Section 3.1.3) of the precipitation-decorrelation technique is used to estimate AT(a) + DSW(a). Supplement S1D presents an approach for determining the approximate relationship of any poorly resolved water balance component Ck(a) series to the precipitation P(a) series. This approach entails transferring the relationship (nonlinear or linear) of the initial residuals with P(a) to Ck(a), such that criterion I holds for the resultant revised residuals. For the Tahoe watershed trial estimate AT(a) + DSW(a) = 43.6 cm/yr, the associated residual series relationship to PW(a) is linear; furthermore these residuals are also correlated with precipitation from prior years and with E(a). Further discussion of this model form and systematic uncertainties is deferred to Section 6.5.2.
Initial water balances and residual errors
Initial Lake Tahoe and watershed annual water balance component estimates for each water-year from 1968 to 2000 are graphed in Fig. 3a Each annual residual value e res,L (a), e res,W (a), or e res,B (a) is computed as the sum of the Ci(a) in Eqs. (18), (19), or (20) . These residual series have no significant correlation with precipitation or other major water balance component series, suggesting that they can be used for residual-redistribution (see Section 6.1.1). Fig. 3a and b illustrate that most residual values (solid black circles in graphs) are small, and yet as is illustrated in Section 6, component series that are revised using such small residuals have less associated random error 'noise', and as such are valuable for use in hydrologic models.
Application of residual-redistribution to Tahoe water balances
This section illustrates application of residual-redistribution to initial Tahoe water balances, validation of random error reduction in resulting revised component estimates, and the value of such revised estimates for use in watershed hydrologic models.
Results for residual-redistribution
Tahoe water balance residual and component error variance relationships are first checked for suitability of application of residual-redistribution. Next, revised Tahoe component estimate series are described, and finally three distinct revised estimates of Tahoe watershed runoff series are presented.
6.1.1. Evaluation of suitability of the residuals for redistribution
The suitability of using the initial water balance residuals defined in Section 5.3 to generate residual-redistribution revised component estimates is evaluated using two approaches: (I) Assessment of fulfillment of conditions (i) and (ii) (and independence) from Section 3.1.1, and (II) Direct numerical evaluation of the accuracy of Eq. (9).
(I) Each residual series (for lake, watershed, and basin) has no statistically significant correlation (e.g. 3) indicate that condition (i) from Section 3.1.1 is also met, and furthermore that component random errors are mutually independent. (II) The left-side bar of the three bar-pairs in Fig. 4 The two sets of observations described in the two paragraphs above together strongly indicate that Eqs. (8) and (9) are approximated for each of the initial lake, watershed, and basin water balance residual series, i.e., the residual error series are composed mainly of sums of mutually independent random component errors. Thus for each of these water balances, the residuals are suitable for redistribution over the initial component estimates, so that random errors of the component estimates can be reduced.
Results for revised annual component estimates
Residual-redistribution is applied to the initial annual component estimates from Section 5.3 (subsequently denoted Ci o (a)), as follows: using the r 2 res and initial r 2 e;Ci values just described above, F Ci values are computed from Eq. (16) for each component of the Tahoe lake, watershed, and basin water balances. e;Cir values are tabulated for some major water balance components in Table 2 and illustrated in the right-side bar of each pair in Fig. 4 . Fig. 4 illustrates, for each water balance, that the sum of component random error variances is predicted to be much smaller for revised than for initial water balances, reflecting the smaller error variances predicted for each revised component series.
Three revised estimates of the Tahoe watershed runoff series
Watershed runoff is a component of both the Lake Tahoe and Tahoe watershed water balances (Eqs. (18) and (19)), therefore runoff estimates can be revised in several ways, as shown in this section. From the lake and watershed water balances, two estimates of revised runoff series follow directly from model form Eq. (12) Values of F R,L and F R,W that minimize the random error variance of this 'combined' R r,C (a) series estimate are determined to be 0.524 and 0.246 (Supplement S3C), using error variance minimization criteria analogous to Eq. (15). The R r,C (a) series is predicted to have a smaller associated r 2 e;Cir than either the R r,L (a) or R r,W (a) series (Table 2 ).
A method for validation testing of residual-redistribution
The validity of residual-redistribution is defined by the efficacy of the technique in reducing the random error variances of component series estimates. The difference in random error variance between initial Ci o (a) and residual-redistribution revised Ci r (a) component series is denoted Dr An additional independent estimate of Dr 2 e requires the availability of another estimate Ci ad (a), in addition to Ci o (a), of the same actual component series Ci T (a) for the same time period. The data for the Ci ad (a) must be independent from that used for Ci o (a). Assuming that the Ci ad (a) series has the same error structure Eq. (3) 
Testing random error reduction in revised estimates of Tahoe precipitation
In this section, the validation method just described above is applied to the initial and revised precipitation series estimates for both the Tahoe watershed and basin, to determine whether or not the random error variances of these revised precipitation series estimates are actually reduced by the predicted amounts listed in Table 2 . (16) and (17), respectively.
a Predicted reduction (as a proportion of (r e,Cio ) 2 ) in random error variance.
b Values for mean (and r) adjusted for formulation of G(a) and AT(a) + DSW(a) on precipitation.
c For 'combined' revised runoff R r,c (a) series (Section 6.1.3).
6.3.1. Additional 'Snotel' precipitation data series Additional high-quality point precipitation data are available for WY 1979-2004 from ten 'Snotel' stations (Supplement S5F) widely distributed throughout the Tahoe watershed area, which are distinct from the NWS station data used for the initial precipitation estimates (Section 4.3). The data series from each Snotel station is linearly transformed to a common mean and variance (for either the watershed or basin), then for each year the average of the transformed data from all stations constitutes the 'additional' watershed or basin precipitation estimate PW ad (a) and PB ad (a) for that year, as described by Trask (2007) . The resultant PW ad (a) and PB ad (a) series have the same annual mean and inter-annual variance values for WY 1979-2000 as the PW o (a) and PB o (a) series, respectively.
Regressions of Snotel precipitation against other precipitation series
Each P ad (a) series (PW ad (a) or PB ad (a)) is regressed against several NWS-based precipitation series for WY 1979-2000: (a) data from a NWS gage at Tahoe City (b) a P o (a) series (PW o (a) or PB o (a) from Section 4.3) (c) a P r (a) series (PW r (a) from Eq. (23) or PB r (a) from Eq. (24)). For each year, each of these precipitation estimates is an estimate of the same PW T (a) or PB T (a) with error structure (3), thus scatter of data about the linear relationship between the P ad (a) and each of series (a) thru (c) is entirely due to random errors in P ad (a) and in (a), (b), or (c), which constitute the MSE of regression.
Regression of the P ad (a) series against series (a) (coefficient of determination R 2 = 0.9402) is much less 'tight' than regression against series (b) (R 2 = 0.9813), as expected since each P o (a) series is formed using data from three gage stations and thus has smaller associated random errors. Further increase in R 2 is obtained upon regression against series (c) (R 2 = 0.9919 and 0.9874, respectively).
As detailed in Supplement S5B, such observed increases of 
Comparison of observed to predicted error variance values
Observed D obs r 2 e and predicted D pred r 2 e changes in error variance are compared between precipitation series (b) and (c) described just above. Supplement S5F shows b est computed using Eqs. (30) and (31) 
For PW r (a), Fig. 5a illustrates D pred r series are insignificantly small, and b est is accurate (Supplements S5E, F describe how to evaluate this condition).
(ii) The estimate of r eo 2 (and thus of F Ci and D pred r 2 e ) is accurate, and |d Ci | < $0.1. (Fig. 5a and b) are also attained by replacing In summary, random error variances of the revised precipitation series for the watershed and basin (Eqs. (23) and (24)) are each shown to be substantially smaller ($60% to $70% and $50% to $75%, respectively) than those of the initial precipitation series. Indeed, the error variance reductions are close to the predictions listed in Table 2 .
Testing random error reduction in revised estimates of Tahoe runoff
Testing of predicted random error variance reduction of revised runoff estimates is performed as described in Section 6.3 for precipitation. Additional USGS gage data are from seven streams (not used for the R o (a)) distributed about the Tahoe watershed (see Supplement S5I), which are combined to form a R ad (a) runoff series for WY 1969-2000. The R ad (a) series is regressed against the initial runoff series R o (a)) (Section 4.3), and against each of the three revised runoff series defined by Eqs. (25)- (27).
Resulting observed DMSE est values are positive, indicating that each revised runoff series estimate has a smaller random error variance than the initial runoff series. D obs r 2 e values from Eq. (29) range from about the same as to as much as 2-fold larger than D pred r 2 e values from Eq. (28). Discrepancies are due to violations of condition (i) (Section 6.3.4), since the R ad (a) data have significantly larger positive skew than the R o (a) data, and violations of condition (iii). Supplement S5I presents additional details and discussion. In summary, the random error variances of the three revised runoff series estimates are about the same or smaller than the predicted values listed in Table 2 .
Effects of random errors in precipitation series on regression results
Having confirmed above that the revised Tahoe precipitation (and runoff) series have reduced random errors, we now present two simple examples of the value of such estimates. Highly resolved hydrologic multi-regression models are presented for (1) Tahoe streamflow and basin yield data series, and (2) residual values of Tahoe watershed atmospheric loss and storage changes; wherein a precipitation P(a) series is one of the regressors. Results are compared among several different P(a) series; each P(a) series having a different associated random error variance size, ranging from large to small. 6.5.1. Tahoe streamflow and basin water yield regression models Data for annual Tahoe yield Y(a) and volumetric flow SF(a) for Tahoe watershed streams (streams identified Fig. 6 ) are each regressed against initial evaporation E(a) and several P(a) estimates. The number of stations s used for each P(a) series below varies: Fig. 6 ), it follows that each of the 3-station revised (by residual-redistribution) precipitation series has random errors about as small as a 13-station nonrevised series. This demonstrates that residual-redistribution can reduce the number of stations needed to achieve high-precision estimates of areal precipitation anomalies.
The contribution of e Ci (a) variances to MSE is computed, assuming that the e Ci (a) are mutually independent, using random error variances of gaged yield and streamflow data and of initial evaporation estimates (Supplement S4) and of revised precipitation estimates PW r (a) and PB r (a) ( Table 2 ). For each of six streams in the western or southern watershed (Fig. 6) , the e Ci,sum (a) constitute $35% to over 90% of MSE. Errors e M (a) in model form (32) account for the remainder (under 10% to $65%) of MSE, such that var{e M (a)}/r 2 SF;Y < 0:02. It follows that over 98% of inter-annual variations in SF(a) of western and southern watershed streams (over 99.5% for General Ck., Upper Truckee R., and Y(a)) are correlated with inter-annual variations in precipitation and lake evaporation.
By contrast, for each of four eastern streams the large MSE (Fig. 6 ) is attributable mainly ($70% to $96%) to errors e M (a) in the model form of Eq. (32), with var{e M (a)}/r 2 SF;Y ranging from 0.028 (Incline Ck.) to 0.18 (Logan Ck). The eastern watershed has more deeply weathered bedrock (due to lack of Pleistocene glacial scouring), less precipitation and a much smaller streamflow: precipitation mass ratio than the rest of the watershed. Flow data for Edgewood and Logan Ck. are marginally correlated with P (a À 3) (Trask, 2007) . Inter-annual variations in eastern streamflow are sensitive to factors in addition to those in Eq. (32), such as inter-annual variations in seasonal distribution and form (rain or snow) of precipitation.
Notably, SF(a) data of southern and western watershed streams are negatively correlated with E(a) with moderate to high statistical significance; however SF(a) of the four eastern streams do not have any significant correlation (p > 0.1) with E(a). This strongly suggests that atmospheric losses in the semi-arid eastern watershed are controlled primarily by water availability; whereas in the much more humid western and southern watershed, interannual changes in atmospheric demand (as approximated by E (a)) play a comparable role to that of variations in water availability (as approximated by P(a)) in determining inter-annual changes in atmospheric loss (see below).
Tahoe watershed annual storage change and atmospheric loss models
Numerical estimates of annual watershed storage changes and atmospheric losses are first computed as raw residuals in the watershed water balance Eq. (19), using either the initial PW o (a) or an adjusted revised PB a,r (a) precipitation series estimate. The with R 2 = 0.874. Due to its very small random error variance, the revised precipitation series has enabled substantially improved resolution of the relationship of Tahoe watershed atmospheric losses plus storage changes to lake evaporation and precipitation from prior water-years. As illustrated in Fig. 7 , regression coefficient values are similar for use of N PWo (a) (left-side bars) or N PBar (a) (rightside bars) as regressors, however the confidence intervals (denoted by span of error bars) for all regression coefficient values are significantly narrower for N PBar (a). The p values (for hypothesis coefficient is zero) of coefficients for N E (a) and N P (a À 2) change from marginal (p = 0.13) to significant (p < 0.01) for N PWo (a) replaced by N PBar (a). This improved resolution enables more reliable partitioning of Eq. (33) into separate models for DSW(a) and DAT(a). Physically plausible proviso described in Trask (2007) (34) is nearly the same value as for Lake Tahoe (E(a) = 93.5 Á N E (a) lake cm/yr). This result is corroborated by regressed values ($À93 basin cm/yr) of the coefficient for N E (a) in regressions of Y(a) data against N E (a) and basin precipitation estimates (Trask, 2007) . Thus inter-annual variations in AT(a) are confirmed to be strongly influenced by inter-annual variations in atmospheric demand, as well as by variations in available moisture.
Model Eq. (35) approximates a linear reservoir water storage model, with annual reservoir inflow proportional to annual precipitation, and drainage relaxation times of about 1-2 years among Tahoe sub-basins. Observed positive correlations of annual flow data for Tahoe streams with precipitation from prior WY (Section 6.5.1) are attributable to this slow mode of release of stored watershed moisture, mainly from groundwater stores since the Tahoe Basin has no glaciers and only a few small perennial snowfields. The availability of the low-noise revised precipitation estimates has enabled a moderate degree of reliability to be associated with this linear storage model approximation.
Applicability of novel techniques
The new techniques in this article should be readily applicable for a wide variety of planned, ongoing or archived lake and catchment water balance investigations, including those that employ physical, statistical, or hybrid models of component estimates. For archived water balance series, the techniques can be employed to update and reduce the uncertainty of archived numerical component estimates, using just the original numerical component estimates and estimates of error or uncertainty statistics for one or more of these component series.
Precipitation-decorrelation
An existing or preliminary lake or watershed multi-annual water balance series estimate is easily checked directly for the presence of correlation of annual water mass balance residual error values with annual values of precipitation estimates. If a statistically significant nonzero correlation exists, the technique of precipitation-decorrelation may be of value to implement (see Section 3.1.3) in order to obtain more accurate water balance component estimates. Additionally, a precipitation-decorrelation estimate can be combined with an independent measurementbased estimate, yielding a 'combined' estimate of a mean component that has smaller associated uncertainty than either estimate alone (see Section 5.1.4, Fig. 2 ).
Residual-redistribution
Residual-redistribution is broadly applicable to water balances. The technique requires only that water mass balance residual errors consist mainly of independent random errors. Those components with the largest associated random error variances have their random errors reduced the most upon application of residual-redistribution. may vary substantially with Ck(a) for some components of water balances in which one or more Ci(a) series (i = k or i -k) has both (i) heteroscedastic r 2 e;Ci , and (ii) very large variance and/or skew (e.g., annual streamflow series in some semi-arid to arid regions, which may include years of extremely small or large total volumetric flow).
Nonlinear watershed hydrologic models have previously been shown to exhibit better performance when using input data series with smaller associated random errors (e.g., Oudin et al., 2006) . Use of residual-redistribution revised component series as input can improve the performance of not only simple linear regression models (as shown in Section 6.5 above), but therefore also of more complex nonlinear models. When calibrating parameter values in such hydrologic models, it is important that the 'dependent' (output) and independent (input) variable(s) do not both include revised component series, so that consequent spurious calibration statistics are avoided, and bias in resulting model parameter values will not be so introduced.
Use of both techniques to estimate inter-annual variations
In the absence of direct data to estimate inter-annual variations of a water balance component, statistical techniques can be used to generate rough estimates of these inter-annual variations. Interannual variations of Lake Tahoe evaporation for WY 1968-2000 are estimated as detailed in Supplement S6A by first applying , where VIF is the Variance Inflation Factor, due to moderate collinearity between E(a) and N P (a). For collinearity between E(a) and N PWo (a), VIF = 1.585; between E(a) and N PBar (a), VIF = 1.563.) precipitation-decorrelation and then residual-redistribution. The resultant statistically based E S (a) series estimate is moderately correlated (R = 0.754) to the Dalton mass-transfer E D (a) series estimate, with inter-annual standard deviation 3.8 cm/yr nearly matching that of the Dalton series (3.9 cm/yr). Inter-annual variations of E S (a) are more accurate than evaporation variations computed as simple residuals of the annual Lake Tahoe water mass balance series.
Non-stationary and stationary water balances
No assumptions of water balance stationarity were used to develop the two new water balance techniques, and each technique is broadly applicable to both stationary and non-stationary water balance series. If the residual errors trend over the water balance period, it is recommended that the trend should first be transferred to the appropriate component(s) series, followed by redistribution of the de-trended residuals (see Supplement S6C for further discussion).
Adaptation of techniques
Each of the two new techniques should be adaptable to water balance time-steps that are shorter or longer than one year. Each technique may be of value to adapt for use in distributed parameter models of watershed precipitation and runoff.
We suggest the approach of residual-redistribution could have broad applicability not only within hydrology, but in other areas of science, engineering, economics, etc. The approach yields reduced random error in estimates of the distribution of a conserved quantity (e.g. flow of mass, energy, money, etc.). The major requirement for application of this technique is an estimate of relative magnitudes of random error variances among the various components (or bins) within which the conserved quantity is distributed.
Summary and conclusions
We have introduced a new approach of identifying statistical relationships that exist between a series of water mass balance component estimates and the consequent water balance residual error series, and using such relationships to modify and improve the component estimates. Two novel specific statistical techniques are developed, which have been corroborated and validated using water balances for the Tahoe Basin.
A criterion of decorrelation of multi-annual water balance residual error series from the precipitation component estimate series has been proposed. Upon application to a Lake Tahoe water balance series, a 'precipitation-decorrelation' estimate of WY 1968-2000 mean annual Lake Tahoe evaporation of 93.8 cm/yr results, which closely matches independent measurement-based estimates by Trask (2007) , Huntington and McEvoy (2011) , and Sahoo et al. (2013) . Uncertainty of this statistical estimate is just ±8.9% (>90% confidence), a level of accuracy typically achievable only by high quality energy balance investigations (Winter, 1981) . Since precipitation is generally the main driving force in natural water balances, it is likely that application of precipitation-decorrelation to water balances in many other regions may (as for Tahoe) result in water balances for which the residual error series have no statistically significant correlation with any of the component series, and for which the residual error variance is small.
Redistribution of each random residual error over all water balance components, in accord with a specific error variance minimization criterion, yields revised component estimates that are predicted to have smaller associated random errors. This prediction has been validated using Tahoe water balance series, whereby random error variances of revised Tahoe areal precipitation series are shown to be reduced by $50-75% to a c.v less than 4%. Such large reductions are otherwise typically achievable only by a substantial increase in precipitation gage density. Revised estimates of inter-annual variations in Tahoe areal precipitation have very little associated random error 'noise', which enables: (a) resolution of the relationship of streamflow to precipitation from prior years, and thus the contribution of slow (one to several years) modes of groundwater discharge to streamflow, (b) clarification of the extent to which inter-annual variations in atmospheric loss from the watershed parallel those of nearby lake evaporation, and (c) more reliable separation of inter-annual changes in watershed subsurface water storage from inter-annual variations in atmospheric loss, which is otherwise generally difficult to achieve.
The new techniques can be especially valuable for application to multi-annual water balances spanning a decade or more, since associated uncertainties decrease with an increasing number of water balance periods. It is our hope that this article provokes further investigation of statistical relationships between water balance residual error series and water balance component estimate series, which have potential to be applied to improve the accuracy of component estimates.
